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Introduction. Olivine and pyroxene are two major 
basaltic minerals that have been identified at Gusev Crater 
and Meridiani Planum by the Mars Exploration Rovers 
[1-3]. Full petrologic characterization of a sample (rock or 
soil), however, requires determining the range of mineral 
compositions, extent of zoning, range of grain sizes, min- 
eral associations, presence of xenocrysts, etc. Information 
of this sort will aid the interpretation of sample crystalli- 
zation and differentiation histories and help discriminate 
between lithologies. 

In Raman spectroscopic experiments, minerals are 
identified by their spectral patterns and mineral composi- 
tions can be inferred from the peak positions. Instruments 
currently in use or slated for impending surface explora- 
tion missions provide only average elemental composi- 
tions for relatively large rock or soil targets or bulk min- 
eral analysis. No techniques currently in use or scheduled 
for flight can characterize both structure and composition 
of individual mineral grains, in-situ, like the Mars Mi- 
crobeam Raman Spectrometer (MMRS). The MMRS is 
designed to take 100 spectra along a 1 cm linear traverse 
on the surface of a sample, with contributions from one or 
a few mineral phases per spectrum. We presented a 
method to extract structural and compositional informa- 
tion from the Raman spectra of quadrilateral pyroxenes in 
[4]. The pyroxene calibration was applied to a Raman 
spectroscopic study of Martian meteorite EETA79001 
along with a preliminary olivine calibration, where we 
demonstrated the capability to discriminate related 
lithologies using Riman point counts [5]. This abstract 
presents an improved olivine calibration that will further 
aid sample characterization and the study of alteration 
processes [6, 7], 

Samples. We use a combination of terrestrial, mete- 
oritic and synthetic samples of the end-members to cover 
the entire range of olivine compositions (Table 1). Raman 
and electron microprobe (EMP) analyses were made at 
the same locations. We used mostly coarse-grained and 
unzoned samples to limit disparities that arise from the 
different sampling volumes of the Raman laser and EMP 
electron beam. Only data with good EMP totals, 
stoichiometry and good resolution of both the -820 and 
-850 cm 1 peaks (Figure 1) were used in the calibration. 
Olivine in lunar meteorite LAP02224,24 are smaller and 
unequilibrated but were chosen because they span a range 
of uncommon compositions FO20-40- Data from LAP were 
not used in the data set to derive the calibration because 
the F020-40 grains are too strongly zoned but are included 
with the data used to test the calibration. 

Methods. All Raman spectra were collected on a 
HoloLab 5000 (Kaiser Optical Systems, Inc.) spectrome- 
ter with the 532 nm line of a frequency -doubled Nd:YAG 


laser, unpolarized at the sample. This spectrometer has a 
spectral resolution of 4-5 cm 1 . The wavenumber accu- 
racy is <0.003 nm in the region of interest and is moni- 
tored for reproducibility using the 520.5 cm 1 Raman shift 
of a Si wafer. All spectra were acquired using a 20x long- 
working distance objective (0.4 NA), -15 mW laser 
power, ~6jJ.m beam diameter, and spectrum accumulation 
time of 30 seconds. All peak positions were obtained us- 
ing a least squares curve-fitting subroutine with a mixed 
Gaussian-Lorentzian peak shape and linear baseline. We 
use the constraint-free iteration option in the subroutine 
for adjusting all parameters until convergence is attained. 

The electron microprobe (EMP) data were collected 
with a beam current of -30 nA, accelerating voltage of 15 
kV and a defocused beam (10 Jim) to better approximate 
the area analyzed by the Raman laser. We used the ac- 
cepted chemical compositions of the synthetic end- 
members (microprobe standards) given in [8, 9]. The av- 
erage Fo content of each sample is given in Table 1. 

Raman spectrum of olivine. Detailed Raman peak 
assignments for forsterite can be found in [10, 11] and of 
olivines in general in [12]. Olivine has 81 optic modes, 36 
of which are Raman-active [12, 13]. Olivine spectra (Fig- 
ure 1) can be divided into 3 regions: <400 cm" 1 , 400-800 
cm 1 , and 800-1100 cm 1 . Peaks between 800 and 1100 
cm 1 are attributed to Si04 internal stretching vibrational 
modes; the dominant feature in this Egion is a doublet 
with peaks near 820 and 850 cm 1 whose relative heights 
are a function of crystal orientation [10]. These peaks 
result from coupled symmetric (f 1) and asymmetric (13) 
vibrations of Si04 tetrahedra [10-16] and are readily rec- 
ognized in multi-phase spectra [5, 17]. Peaks in the 400- 
800 cm" 1 region are mainly from Si04 internal bending 
vibrational modes. Peaks below 400 cm 1 are mostly con- 
tributed by lattice modes: rotations and translations of 
Si04 units and translations of octahedral cations in the 
crystal lattice [12]. These are weaker peaks, not often 
resolved in multi-phase spectra so only the doublet in the 
800 -1100 cm 1 region is used in the calibration. Peak 
positions of the doublet are observed to vary with comp o- 

sition despite contribu- 
contributions from 

multiple vibrational modes 
[11, 12, 15]. The observed 
range for the -820 cm" 1 
peak position is about 10 
wavenumbers: from 815.0 
cm" 1 in fayalite to 824.8 
cm" 1 in forsterite. The ob- 
served range for the -850 
cm" 1 peak is wider: from 
838.1 cm" 1 to 856.7 cm' 1 . 



Figure 1 . Raman spectra of the olivine 
end members fayalite and forsterite. 
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Both peaks are broader and thus less 
resolved in fayalite, presumably due 
to greater anharmonicity in the Si-O 
vibrations [18]. The positions of both 
of these peaks are used in what we 
refer to here as the 3-D calibration. 

Calibration. The 3-D calibra- 
tion derives from a best-fit parabola 
to 3 experimental parameters: the 
-820 and -850 cm" 1 peak positions 
and Fo values (Fo = Mg/(Mg+Fe) in 
a mole; Foo.oo-t.oo) calculated from 
the corresponding EMP data. The 
parabola has the form: (1) Fo= yo + 
aix + Ijy + ax 2 + t^y 2 , where x is 
the -850 cm" 1 peak position and y 
the -820 cm 1 peak position. Figure 
2a shows a projection of the calibra- 
tion data set onto the plane of the 
-820 cm 1 and -850 cm" 1 peak posi- 
tions. The central dashed line in Fig- 
ure 2a is the best-fit curve to spectral 
peaks from the same samples. The 
data are constrained by a correlation 
between the two peaks, an equation 
with the form: (2) -820 cm 1 peak = 
yo + cx + dx 2 , where x is the -850 
cm 1 peak position. Below F00.3 scat- 
tering is observed in the -850 cm" 1 
peak positions owing to peak broad- 
ening and variations in the vibra- 
tional mixing of modes. Peaks from olivine of these com- 
positions overlap and cannot be adequately distinguished, 
so they are grouped together in Figure 2a. 

Discussion and conclusions. The sample data set 
(plus LAP) was used to test the calibration. We used the 
Raman peak positions with Eq. 1 to find the predicted Fo 
values and plotted them against the Fo values determined 
by EMPA. This comparison is presented in Figure 2b with 
the best-fit line that yields a 1:1 correlation (slope = 0.99). 
The greatest deviations occur at fayalitic compositions 
(Fo< 0 .io) but most data are within + 0.1 Fo units, illustrat- 
ing that it is possible to use the positions of the olivine 
doublet to estimate most Fo-Fa olivine compositions with 
reasonable accuracy. The only data from intermediate 


Table 1. Samples 

type of sample 

ave. Fo 

Fayalite 203 [9] 

synthetic, HUPS 401 

0.01 

Finch-Robie* 

synthetic 

no EMPA 

Forsythe Iron Mine, Quebec, Canada* [1 9-21 ] 

magnetite-bearing iron ore 

0.09 

LAP02224.24 [22-24] 

lunar meteorite, basalt 
paired with LAP02205 

0.26-0.46 

Rustenberg, Transvaal, S. Africa* 

Hortonolite 

0.42 

NWA773 [25-26] 

lunar meteorite, breccia 
w / olivine gabbro clasts 

0.67 

EETA79001.530 [5,27-29] 

SNC meteorite, basaltic 

rims 0.61 


shergottite, xenocrysts 

core 0.73 

San Carlos, Arizona, USA* [15, 30-33] 

large polished 
forsterite grains 

0.89 

Twin Sisters Range, Washington, USA [34-35] 

dunite 

0.91 

Forsterite 204 [8, 10,15] 
‘samples from A. Hofmeister 

synthetic, HUPS 433 

1.00 


compositions that stray from 
the best- fit line are 2 points 
from LAP. The discrepancy 
can be partly attributed to the 
different compositions “seen” 
by the two techniques in 
samples that are zoned on a 
fine scale because the tech- 
niques sample different vol- 
umes. However, zoning on a 
fine scale also produces 
broader and less well re- 
solved peaks due to the over- 
lapping of mode frequencies. 
EMPA indicates zoning from 
F00.26 to F00.46 in LAP within 
75 |im. Nevertheless, Fo es- 
timates from the Raman peak 
positions are within + 0.15 of 
that determined by EMPA. 
Similarly, EETA79001,530 
olivine peak positions scatter 
more than those of lunar 
sample NWA773. Both sam- 
ples have cores of similar 
composition but the olivine 
doublets in EETA are broader 
and overlap more. We attrib- 
ute the breadth of the peaks 
in the EETA xenocrysts to 
zoning at their rims due to 
reaction with the groundmass (ave. rim Fo= 0.61, ave. 
core= 0.73). This olivine calibration has improved our 
ability to extract compositional information more accu- 
rately from Raman spectra. 
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Fig. 2. a) 2-D plot for estimating olivine composition 
from peak positions, b) Comparison of Fo by EMPA 
to Fo estimated from Raman peak positions. 


